The concentrations of twenty-one individual polycyclic aromatic hydrocarbons (PAHs) and total suspended particles (TSP) were measured using high-volume air samplers at two sites 2.00−2.04 cm/s. Most PAH species were low-weight PAHs (approximately 80.8-82.0%), followed by high-weight PAHs (10.5-14.6%) and medium-weight PAHs (6.5-6.8%). The fractions of gaseous PAHs decreased with molecular weight or ring number. The particle phase (60.2−73.5%) dominated the high-weight PAHs.
INTRODUCTION
The sources of polycyclic aromatic hydrocarbons (PAHs) are primarily incomplete fossil-fuel combustions, such as are emitted from steel-making plants, secondary zinc/aluminum sinter plants, diesel trucks and waste incinerators. Woodburning and wildfires also contribute to the atmospheric levels of PAHs. Ambient levels of PAHs have received considerable attention in recent years (Holsen et al., 1993; Caricchia et al., 1999; Odabasi et al., 1999; Kulkarni and Venkataraman, 2000; Chetwittayachan et al., 2002; Ho et al., 2002; Lee and Lee, 2004) , because many PAHs are known to be carcinogenic and mutagenic and are detrimental to human health (IARC, 1987; Menzie, et al., 1992) . Although atmospheric PAHs can exist in gaseous and particle phases, they are predominantly associated with particulate matter (PM). This suggests that particulate PAHs are regarded as significant hazardous substances to human health through breathing.
Kaohsiung (22
o 38'N, 120 o 17'E), located in southern Taiwan, is an industrialized and densely populated harbor city, with approximately 1.49 million inhabitants, 1,281,000 registered vehicles (380,000 cars, 886,000 motorcycles, and 15,000 trucks) and an area of 153.6 km 2 . Dense traffic and industrial activities have made Kaohsiung City and surrounding Kaohsiung and Pingtung counties the region with the poorest air quality in Taiwan. The air in southern Taiwan is of the poorest quality between the late fall, winter and middle spring, either due to increased ground-level concentrations of PM or ozone associated with unfavorable meteorological conditions (Chen et al., 2004) . Although some work has been done on the understanding of vehicular traffic emissions of PAHs (Lee et al., 1995) , as well as the size and dry deposition of road dust PAHs in Kaohsiung City (Yang et al., 1999) , emissions of PAHs from medical incinerators , and dry deposition of PAHs in central Taiwan (Fang et al., 2004) , little information is available on the atmospheric levels of PAHs in southern Taiwan, particularly those associated with the phase distribution of atmospheric PAHs and their seasonal variations. 
EXPERIMENTAL PROCEDURES

Sampling sites and periods
The sampling sites were located in Tzuo-Yin and Hsiung-Kong in the northern and central parts of Kaohsiung City, respectively (Fig. 1 ). Taiwan's EPA (Environmental Protection Administration) has set up air-quality monitoring stations at the two sites where hourly air quality and meteorological data, including PM 10 , temperature and winds, are available. As indicated in Fig. 1 
Sampling of airborne particulate matter and PAHs
Air samples for the particulate and gas phases of PAHs were collected for 24 h using a PS-1 sampler (GPS1 PUF sampler, General Metal Work), operated at an airflow rate of 115 L/min. In the PS-1 sampler, a 102-mm-diamter quartz filter with a pore size of 0.8 μm was used to collect the total suspended particles (TSP) and particulate PAHs. Before sampling, the filters were heated in an oven at 450 o C for 8 h to remove volatile substances, and then put in an isothermal box for cooling and weighing. An electrical balance sensitive to 0.01 mg was used to measure the weight.
A glass cartridge containing a 30-mm polyurethane form (PUF) plug, followed by a 40-mm XAD-16 resin, and finally a 30-mm PUF plug, cleaned by sequential extraction, was used to collect the gas-phase PAHs. Breakthrough tests indicated no PAHs being detected at the third stage of the XAD-16 resin.
PAH analysis
The particulate PAHs in the sampler were extracted in a Soxhelt extractor with a solvent solution of 250 mL (a mixture of 125 mL n-hexdane and 125 mL dichloromethane) for 24 h. The extract was then concentrated, cleaned and re-concentrated with ultra-pure nitrogen to exactly 0.5 mL. Twenty-one PAH species, either in the particulate or gaseous phase, were analyzed using a gas chromatograph with a flame-ionization detector (GC/FID, Shimadzu GC-14A) with a GC capillary column of 30 m × 0.25 mm × 0.25 μm (Suplco Equaity-5). The oven temperature was programmed to be from 50 o C to 100 o C at a rate of 20 o C/min, then from 100 o C to 290 o C at a rate of 3 o C/min, and held at 290 o C for 40 min; the injection temperature was set at 310 o C with nitrogen as the carrier gas. Prior to analysis, calibration curves for the 21 PAHs were obtained by spiking seven known quantities of substances, all with an R 2 of the calibration curve above 0.995. The detection limit (DL) was three times the standard deviation from seven tests for each species. The full and abbreviated names of the 21 PAHs are listed in Table 2 , together with the accuracy and DLs.
Herein, PAHs are categorized into LW-PAHs (2−3 rings), MW-PAHs (4 rings) and HW-PAHs (5−7 rings). Both field and laboratory blank samples were prepared and analyzed; all data were corrected with reference to a blank. Recovery efficiencies of 83-98% were achieved. 
Dry deposition plate
Dry-deposition fluxes of airborne particles were measured using three identical smooth surface plates, attached to three arms of a horizontal template on a stainless-steel stand; the horizontal distance between neighboring plates was 50 cm. Each plate was made of polyvinyl chloride (PVC) and was 21.6 cm long, 8.0 cm wide and 0.8 cm thick, with a sharp leading edge (< 10-degree angle). The plate was cut out so that it would slide onto a 3-cm diameter rod. Two screws were used to fasten the plate to a wind van, allowing the plate to swing freely into the wind direction.
This type of the deposition plate has been extensively used as a surrogate to measure deposited substances (Holsen et al., 1993; Lee et al., 1995; Yang et al., 2005) . A quartz filter (10 cm × 8 cm) was glued on each plate to collect impacted particles for 48 h. After the grease was sprayed onto the filters (each with 44 cm 2 of exposed surface), the filters were baked in an oven at 60 o C for 90 min to remove volatile substances. The filters were weighed before and after sampling to determine the total mass of the particles collected. The mean concentration of airborne particles was obtained by averaging the particle weights of the three quartz filters. Fig. 2 (Yang, 1998) and commensurate with about 115 ng/m 3 at a university campus (Liu, 2006) , both in Kaohsiung City. But the present results were much lower than those in Taichung (Fang et al., 2004) , showing 1650 ± 1427, 1220 ± 520 and 831 ± 427 ng/m 3 at industry, urban and rural sites, respectively. 
RESULTS AND DISCUSSION
Seasonal variations of TSP and total PAHs
General characteristics of PAHs
Phase distribution in PAHs
Atmospheric PAHs are partitioned between the gas phase and particulate matter, depending on their molecular weights or ring numbers. Table 4 summarizes the overall mean fractions of gaseous and particulate PAH species at both sites. It reveals that LW-PAHs mostly existed in a gaseous form, ranging from 55.9% (66.9%) to 95.9% (96.6%) at Tzuo-Yin (and Hsiung-Kong); of note, over 95% of Nap existed in gaseous phase. On average, about 91.1% of the LW-PAHs were in gaseous form, and the remaining 8.9% were in particulate form, agreeing well with the findings (90.3% in gas phase and 9.7% in particle phase) at an urban site in Taichung (Fang et al., 2005) . About 54.8% (70.3%) of the MW-PAHs were in gaseous form at Tzuo-Yin (Hsiung-Kong), and about 45.2% (29.7%) were in particulate form, differing from those (96.5.% in gas phase and 3.5% in particle phase) at an urban site in Taichung (Fang et al., 2005) . (34.0% in gas phase and 66.0% in particle phase) at an urban site in Taichung (Fang et al., 2005) .
Generally, the present results are consistent with the fact that a large atmospheric fraction of the three-ring PAHs is in the gaseous form; gaseous and particulate phases are important in the four-ring PAHs, and the particulate phase dominates for five-or more-ring PAHs (Yamasaki et al., 1982) . For instance, the dry deposition flux of airborne particles is 163−193 mg/m 2 -day in Chicago (Holsen et al., 1993; Li and Kamens, 1993) , 97−360 mg/m 2 -day in Seoul and 120−180 mg/m 2 -day in Inchon in Korea (Bae et al., 2002) , 26−43 mg/m 2 -day in Tsukuba in Japan (Shannigrahi et al., 2005) , and 110−190 mg/m 2 -day in urban and rural sites of western Greece (Terzi and Samara, 2005) . (Yang et al., 2005) and 0.5−2 cm/s of total PAHs in the Lake Michigan area of the USA (Franz et al., 1998) . Note that we did not analyze the concentrations of PAHs from the samples of dry deposition experiments, and therefore could not employ the model to estimate the dry deposition flux and dry deposition velocity of PAHs.
Dry deposition flux of airborne particles
CONCLUSIONS
The concentrations of total PAHs generally followed the pattern of seasonal variations of TSP and MW-PAHs (6.5-6.8%). Furthermore, the LW-PAHs mostly existed in a gaseous form, ranging from 55.9 to 95.9% at Tzuo-Yin and 66.9 to 96.6% at Hsiung-Kong; notably, over 95%
of Nap existed in gaseous phase. The fractions of gaseous PAHs were found to decrease with molecular weight or ring number. On average, approximately 54.8−70.3% of MW-PAHs were in gaseous form, and 29.7−45.2% of MW-PAHs were in particulate form. The particulate phase dominated the HW-PAHs at both sites, being 60.2−73.5%, while only 26.5−39.8% were in a gaseous form.
